We previously showed that the selective accumulation of phosphoenolpyruvate carboxylase (PEPC) in photosynthetically maturing maize (Zea mays L.) leaf cells induced by nitrate supply to nitrogen-starved plants was primarily a consequence of the level of its mRNA (B Sugiharto, K Miyata, H Nakamoto, H Sasakawa, T Sugiyama [1990] Plant Physiol 92: 963-969). To determine the specificity of inorganic nitrogen sources for the regulation of PEPC gene expression, nitrate (16 millimolar) or ammonium (6 millimolar) was supplied to plants grown previously in low nitrate (0.8 millimolar), and changes in the level of PEPC and its mRNA were measured in the basal region of the youngest, fully developed leaves of plants during recovery from nitrogen stress. The exogenous supply of nitrogen selectively increased the levels of protein and mRNA for PEPC. This increase was more pronounced in plants supplemented with ammonium than with nitrate. The accumulation of PEPC during nitrogen recovery increased in parallel with the increase in the activity of glutamine synthetase and/or ferredoxin-dependent glutamate synthase. Among the major amino acids, glutamine was the most influenced during recovery, and its level increased in parallel with the steady-state level of PEPC mRNA for 7 hours after nitrogen supply. The administration of glutamine (12 millimolar) to nitrogen-starved plants increased the steady-state level of PEPC mRNA 7 hours after administration, whereas 12 millimolar glutamate decreased the level of PEPC mRNA. The results indicate that glutamine and/ or its metabolite(s) can be a positive control on the nitrogendependent regulation of PEPC gene expression in maize leaf cells.
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skeletons for ammonium assimilation (3, 15) , and (c) synthesis of organic acids to maintain charge balance (7, 19) . It is therefore not surprising that the enzyme plays a central metabolic role in carbon and nitrogen interaction in plants.
Nitrogen is an important regulator of not only carbon flow but also the gene expression of some proteins in higher plants and algae through mechanisms affecting transcription and/or mRNA stability. These proteins include NR and nitrite reductase (1), Chl a/b light-harvesting complex apoproteins (13) , vegetative storage proteins (16) , and PEPC (17, 23) . When maize plants are grown under conditions of nitrogen starvation, the levels of PEPC protein are selectively reduced most conspicuously in the photosynthetic maturing leaf cells primarily as a consequence of the level of PEPC mRNA (17) . Despite the major effects of nitrogen on these proteins, information concerning nitrogen availability in the regulation of their gene expression is meager.
In the present study, we measured the total pool sizes of the potentially important cellular metabolites involved in nitrogen/carbon assimilations correlating with the nitrogendependent induction of PEPC mRNA in the photosynthetically maturing leaf cells of maize plants during recovery from nitrogen starvation. The objectives were to determine: (a) the specificity of nitrogen sources for the regulation of PEPC gene expression, and (b) possible metabolic signal(s) that control the gene expression in maize.
PEPC2 is a major soluble leaf protein in maize (Zea mays L.) and the initial carboxylation enzyme in the C4 pathway of photosynthesis. The enzyme is believed to play a variety of physiological roles in plants including: (a) the anaplerotic fixation of CO2 for the synthesis of dicarboxylic acids used as respiratory substrates (8, 15, 19) 
MATERIALS AND METHODS

Plant Growth
Maize (Zea mays L. cv Golden Cross Bantam T5 1) plants were hydroponically grown for about 2 weeks in low nitrogen (0.8 mM KN03) as described previously (17, 18) (9) . Gln showed 105% recovery, Glu 104%, and OG 77%.
For the determination of free amino acids, 5 g of frozen leaf material was ground in hot 80% (v/v) ethanol. Amino acid content in the extract was determined by HPLC as described before (20) 15 ,000g for 10 min, and the supernatant fluid was applied to a Sephadex G-25 column preequilibrated with the same buffer. NR and GS activities were assayed with the protein eluent (22) . For Fd-GOGAT activity, extraction and gel filtration were conducted similarly using 0.1 M sodium phosphate buffer (pH 7.5), 1 mM EDTA, 1 mm PMSF, and 5 mM DTT. One unit of activity corresponds to 1 ,umol of product formed per min at 25°C. PEPC protein was determined by single radial immunodiffusion (18) .
Other Methods PEPC mRNA was determined as described previously by dot blot (17) or Northern hybridizations. Protein content was determined according to the method of Lowry et al. (10) .
RESULTS
Effects of Administration of Nitrate and Ammonium to Nitrogen-Starved Plants on the Accumulation of mRNA and Protein for PEPC
We previously reported that the selective accumulation of PEPC in the photosynthetically maturing cells of nitrogenrecovering maize leaf tissue was primarily a consequence of the level of its mRNA (17) . To determine the specificity of an inorganic N source for the accumulation of PEPC, nitrate (16 mM) or ammonia (6 mM) was supplied to plants grown for about 2 weeks in low nitrate (0.8 mM), and the changes in levels of PEPC (Fig. lA) and its mRNA (Fig. IB) were measured in the basal region of the youngest, fully developed leaves of plants during recovery from nitrogen starvation. In nitrate-supplemented plants, the PEPC level increased during 72 h of recovery, with a concomitant increase in the level of its mRNA that was measured 24 h after the addition of nitrogen. This result is consistent with our previous observations (17, 23) . In ammonium-supplemented plants, there was a more marked increase in the levels of both protein and mRNA for PEPC during recovery; the magnitude was approximately twofold greater than that in nitrate-supplemented plants. The accumulation of PEPC in both sets of plants increased selectively as judged by an increase in the fraction of PEPC in leaf soluble protein (Fig. IA, inset) . The concentrations of N sources used in this study were Fig. IA ).
The levels of NR, GS, and Fd-GOGAT activity were monitored during the 72-h recovery process (Fig. 3) . In nitratesupplemented plants (Fig. 3A) , a marked increase was observed for NR, as expected. Fd-GOGAT also increased significantly, whereas GS changed much less (Fig. 3A) . The increase in NR activity was presumably due to marked nitrate accumulation in leaf cells. It is noteworthy that NR increased before the increase in Fd-GOGAT and in parallel to the increases in ammonium, Glu, and Gln (cf Fig. 2A) . In ammonium-supplemented plants (Fig. 3B) (12) . Collectively, the results indicate that the accumulation of PEPC during nitrogen recovery is most closely correlated with the increase in the activity of Fd-GOGAT and/or GS. Gln and Glu increased in parallel with the levels of PEPC mRNA, although the level of Glu decreased initially to a limited extent. On the other hand, the level of OG changed less throughout this 7-h period. The results indicate that the levels of Gln are positively correlated with those of PEPC mRNA, reflecting the differences in both rate and extent of the mRNA accumulation due to the different sources of nitrogen.
To determine the effect of exogenous Gln on the accumulation of PEPC mRNA in nitrogen-starved plants, Gln (12 mM) was administered to the plants, and PEPC mRNA was measured in the basal leaf region at intervals of 3 and 7 h (Fig. 5) . The level of PEPC mRNA increased 7 h after the addition of Gln. The endogenous level of Gln increased approximately threefold (150-466 nmol/g fresh weight) during the 7-h period. Administration of 12 mM Glu resulted in a decrease in the level of PEPC mRNA to some extent, with a slight decrease in the level of endogenous Gln (150-110 nmol/g fresh weight). Thus, the results suggest that Gln and/ or its metabolite(s) may exert a positive control on PEPC expression, which may be involved in the nitrogen-dependent regulation of its mRNA level.
DISCUSSION
The results obtained in the present study show that the expression of the gene for PEPC in photosynthetically maturing leaf cells of nitrogen-starved maize plants can be regulated by either nitrate or ammonium salt as a nitrogen source. The We first determined the content of the major amino acids in the basal region of maize leaves during nitrogen recovery (Table I ). The sum of these amino acids increased 3 and 7 h after nitrogen administration, regardless of the source of inorganic nitrogen. The most remarkable and selective increase was found for Gln, and this was much more intense in ammonium-supplemented plants than in nitrate-supplemented plants. Glu also showed a notable increase, but there was no difference between the two groups of plants. Other amino acids, such as Ser and Gly, increased to some extent. We then measured the levels of Gln, Glu, and OG, e.g. substrates for GS and GOGAT, and compared them with the levels of PEPC mRNA (Fig. 4) . The steady-state levels of PEPC mRNA, which were induced in a nitrogen-dependent manner, began to accumulate after 3 h of nitrogen administration, regardless of the N source, but increased thereafter more intensely in ammonium-supplemented plants (Fig. 4B) than in nitrate-supplemented plants (Fig. 4A) . The levels of Time after N addition (h) Figure 4 . Short-term changes in the levels of Glu, Gin, OG, and mRNA for PEPC in the basal region of nitrate-supplemented (A) and ammonium-supplemented (B) maize leaves during recovery from nitrogen starvation. Vertical bars, SE of data from two independent experiments. mRNA was determined by dot blot hybridization using a fixed amount of total RNA (1-2 Mg).
regulation of this nuclear-encoded protein by nitrogen has been suggested to be achieved through mechanisms affecting transcription and/or mRNA stability (17 a relative increase in Fd-GOGAT versus GS. The increase in GS induced by ammonium is consistent with the data previously reported for both nodules and roots of soybean (6) . The parallel increase in Fd-GOGAT and GS activity in ammonium-supplemented plants is consistent with the concept that the GS/Fd-GOGAT cycle can minimize excess levels of endogenous ammonium, as has been proposed (11, 21) , and may be the biochemical basis for the accumulation of Gln in the basal region during the recovery of maize leaves with ammonium. However, the possibility that the Gln that accumulated in this region is exported from other cells or leaves as a form of mobile nitrogen cannot be ruled out.
The nature of nitrogen availability, which mediates the response ofgene expression in plant cells, is intriguing. In this context, Caboche's group recently reported that Gln and/or other nitrogen metabolites may exert negative control on NR gene expression involved in the diurnal and circadian regulation of NR mRNA in tobacco leaves (5) . It is interesting to speculate that Gln may be a common signal that reflects the nitrogen availability in plant cells for the gene expression of PEPC, a nitrogen consumer, and NR, a producer of nitrogen availability, although the effect of this metabolite in the regulation of these nuclear genes is exactly opposite. There is no evidence to show whether or not nitrogen availability is determined by a single metabolite. We are analyzing the expression of PEPC mRNA under inhibitory conditions of GS activity using its specific chemical inhibitor.
